Abstract. In this study, we investigated the effects of Naju Jjok (Polygonum tinctorium Lour., NJJ) on interleukin (IL)-32 and thymic stromal lymphopoietin (TSLP) levels associated with allergic rhinitis (AR). Using female BALB/c mice, we created an animal model of ovalbumin (OVA)-induced AR. Prior to the callenge with OVA, the mice were administered, either nasally or orally with NJJ. In addition, we also used the eosinophilic cells line, Eol-1, stimulated with granulocyte-macrophage colony-stimulation factor (GM-CSF). The mRNA and protein levels of inflammatory cytokines and markers [interleukin (IL)-32, IL-4, macrophage-inflammatory protein-2 (MIP-2), intercellular adhesion molecule-1 (ICAM-1), and cyclooxygenase-2 (COX-2)] were measured by RT-PCR and western blot analysis, respectively and serum levels were measured by ELISA. The increased levels of IL-32 in the mice with AR and in the stimulated eosinophilic cell line, Eol-1, were significantly reduced by NJJ. TSLP levels were also decreased following the oral administration of NJJ. Mice orally administered NJJ showed markedly alleviated clinical symptoms, such as a reduced number of nasal rubs, decreased spleen weight, decreased serum immunoglobulin E (IgE) levels and decreased serum histamine levels. The oral administration of NJJ significantly decreased the IL-4 levels, while increasing the interferon-γ levels in the spleen. The increased number of eosinophils and mast cells infiltrating the nasal mucosal tissue of the mice with AR were decreased following the oral administration of NJJ. NJJ effectively attenuated caspase-1 activity in the mice with AR and in the stimulated Eol-1 cells. The oral administration of NJJ significantly reduced the levels of inflammatory markers, such as MIP-2, ICAM-1 and COX-2. Furthermore, the intranasal administration of NJJ significantly reduced the early phase response to allergen exposure, such as nasal rubs, IgE production and histamine release, as well as the late phase responses, such as the expression of inflammatory markers. In conclusion, these data demonstrate that NJJ may play a regulatory role in nasal inflammation.
Introduction
Allergic rhinitis (AR), a very common chronic illness that affects patients of all ages, initiates the allergic reaction induced by the release of preformed mediators and the generation of inflammatory mediators from mast cells and eosinophils (1) . The levels of interleukin (IL)-l, IL-5, IL-6, macrophage-inflammatory protein-2 (MIP-2), and granulocyte-macrophage colony-stimulation factor (GM-CSF) are increased during the early and late phase of AR (2, 3) . The cytokine messenger RNA (mRNA) expression of IL-3, IL-4, IL-5 and GM-CSF has been shown to be increased in the nasal mucosa of patients with AR following allergen provocation and is associated with tissue eosinophilia (4) . Activated endothelial cells express intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) on their cell surfaces (5) . GM-CSF is an important activating factor for eosinophils and neutrophils, and is known as a pleiotropic and pro-inflammatory cytokine (6) . GM-CSF induced the expression of IL-32 in eosinophils (7) .
IL-32 is associated with AR, cancer, infection and chronic inflammation (7, (8) (9) (10) . IL-32 is a cytokine produced mainly by immune cells, including T lymphocytes, natural killer cells, epithelial cells, mast cells, keratinocytes, eosinophils and blood monocytes (11, 12) . IL-32 has previously been shown to contribute to pro-inflammatory cytokine synthesis (7) . Several pathways have been shown to be involved in inflammatory processes, including the phosphatidylinositide 3-kinase (PI3K)/Akt pathway, nuclear factor (NF)-κB/AP-1 pathway, p38 mitogen-activated protein kinase (MAPK) and caspase-1 pathways (7, 12, 13) . Viral-induced IL-32 expression seems to be mediated by cyclooxygenase-2 (COX-2) pathways (14) .
Thymic stromal lymphopoietin (TSLP) is a central factor in allergic inflammation and allergy-related diseases, including atopic dermatitis (AD), asthma and AR (15) (16) (17) . TSLP is expressed and produced by caspase-1 and NF-κB in mast cells (18, 19) . Recently, we reported that IL-32 induced TSLP
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production through the activation of NF-κB and caspase-1 in monocytes (20) . Traditional Korean medicine (TKM) has been used for thousands of years. Naju Jjok (Polygonum tinctorium Lour., NJJ) is a species of flowering plant in the buckwheat family (commonly known as Chinese indigo) and has been used for its detoxifying, antibacterial, anticancer, antioxidant, anti-inflammatory and anti-allergic properties (21) (22) (23) (24) and traditionally, as a textile dye. Tryptanthrin, kaempferol and indirubin are the main components of NJJ. Tryptanthrin and kaempferol have antibacterial properties (23) . Kaempferol has been shown to inhibit the production of IL-8 and tumor necrosis factor (TNF)-α and the infiltration of eosinophils in allergic reactions (41, 42) . Indirubin has been shown to inhibit inflammatory reactions and allergic contact dermatitis (43, 44) However, the effects of NJJ on AR have not yet been fully elucidated. In this study, we evaluated the anti-allergic and anti-inflammatory effects of NJJ on mice with ovalbumin (OVA)-induced AR, as well as on the GM-CSFstimulated human eosinophilic cell line, Eol-1. Preparation of NJJ. NJJ was obtained from Naju (Korea). The whole plant material of NJJ was extracted with distilled water (DW) at 80˚C for 3 h. The filtered crude extracts were lyophilized and reduced to powder. The yield of dried extract from the starting materials was approximately 18% (w/w). The NJJ was dissolved in DW and filtered with a 0.22-µm syringe filter.
Materials and methods

Materials
OVA-induced animal model of AR. We maintained 6-weekold female BALB/c mice (Charles River Laboratories, Inc., Wilmington, MA, USA) under pathogen-free conditions. Mouse care and experimental procedures were performed under the approval of the Animal Care and Use Committee of Kyung Hee University [KHUASP(SE)-11-037]. We sensitized the mice on days 1, 5 and 14 by an intraperitoneal (i.p.) injection of 100 µg OVA emulsified in 20 mg aluminum hydroxide (Sigma) and then challenged the mice with 1.5 mg OVA. NJJ was orally (1, 10, or 100 mg/kg) or intranasally (i.n., 2 µl of 40 µg/nostril) administered prior to i.n. OVA challenge for 10 days. Nasal symptoms were evaluated by counting the number of nasal rubs that occurred in the 10 min following OVA i.n. provocation. The mice were divided into 3 groups: i) the normal group, in which the mice were not sensitized/ challenged with OVA; ii) the control group, in which the mice were sensitized/challenged with OVA; and the iii) the NJJ group, in which the mice were sensitized/challenged with OVA and administered NJJ. There were 5 mice in each group.
Enzyme-linked immunosorbent assay (ELISA).
The Eol-1 cells (3x10 5 ) were treated with NJJ (1, 10, or 100 µg/ml) for 1 h prior to stimulation with GM-CSF and incubated for 24 h. Cytokines in serum, nasal mucosal tissue and spleen tissue, as well as in the cell supernatants were measured by ELISA. ELISA was performed by coating 96-well plates with 1 mg/well of capture Ab. Before the subsequent steps in the assay, the coated plates were washed twice with 1X PBS containing 0.05% Tween-20 (PBST). All reagents and coated wells used in this assay were incubated for 2 h at room temperature. The standard curve was generated from known concentrations of cytokines, as provided by the manufacturer. Following exposure to the medium, the assay plates were exposed sequentially to each of the biotin-conjugated secondary antibodies, as well as AP and ABTS substrate solution containing 30% H 2 O 2 . The plates were read at an absorbance of 405 nm. IL-32 was analyzed according to the manufacturer's specifications. Appropriate specificity controls were included, and all samples were run in duplicate. Cytokine levels in the spleen and nasal mucosa were divided according to the total protein levels. Protein levels were determined using a BCA kit.
Histamine assay. Histamine serum levels were measured by the OPA spectrofluorometric procedure. The fluorescent intensity was measured at 440 nm (excitation at 360 nm) using a spectrofluorometer.
Histological examination. Mice were euthanized by carbon dioxide inhalation. Nasal mucosa tissues from the euthanized mice were removed. Tissue samples were immediately fixed with 10% formaldehyde and embedded in paraffin. The section of the nasal mucosa samples were 4-µm-thick. Each section was stained with hematoxylin and eosin (H&E, for eosinophils) prior to dewaxing and dehydration. The number of eosinophils on both sides of the septal mucosa was counted. The sections were coded and randomly analyzed by 2 blinded observers.
Culture of Eol-1 cells. Human Eol-1 cells were a kind gift from Dr H. Bae (Kyung Hee University, Seoul, Korea). The Eol-1 cells were grown in RPMI-1640 supplemented with 100 U/ml penicillin, 100 mg/ml streptomycin and 10% heat-inactivated FBS at 37˚C 5% CO 2 and 95% humidity. The Eol-1 cells were treated with NJJ (1, 10, or 100 µg/ml) for 1 h prior to stimulation with GM-CSF.
Reverse transcription-polymerase chain reaction (RT-PCR).
Eol-1 cells (3x10 6 ) were treated with NJJ (1, 10, or 100 mg/ml) for 1 h prior to stimulation with GM-CSF and incubated for 4 h. Total RNA was isolated from the cells and nasal mucosal tissue according to the manufacturer's specifications using an easy-BLUE™ RNA extraction kit (iNtRON Biotech, Sungnam, Korea). The concentration of total eluted RNA was determined by spectrophotometry. Total RNA (2.5 mg) was heated at 65˚C for 10 min and then chilled on ice. Each sample was reversetranscribed to cDNA for 90 min at 37˚C using the cDNA synthesis kit (Amersham Pharmacia Biotech, Piscataway, NJ, USA). PCR was performed using the following primers: mouse TSLP (5'-TAT GAG TGG GAC CAA AAG TAC CG-3' and 5'-GGG ATT GAA GGT TAG GCT CTG G-3'); mouse GAPDH (5'-TTC ACC ACC ATG GAG AAG GC-3' and 5'-GGC ATG GAC TGT GGT CAT GA-3'); human IL-8 (5'-CGA TGT CAG TGC ATA AAG ACA-3' and 5'-TGA ATT CTC AGC CCT CTT CAA AAA-3'); human IL-32 (5'-TGA CAT GAA GAA GCT GAA GGC-3' and 5'-CAT GAC CTT GTC ACA AAA GCT C-3'); and human GAPDH (5'-TCG ACA GTC AGC CGC ATC TTC TTT-3' and 5'-ACC AAA TCC GTT GAC TCC GAC CTT-3') was used to verify whether equal amounts of RNA were used for reverse transcription and PCR amplification under the different experimental conditions. The annealing temperature was 60˚C for TSLP, IL-8, IL-32 and GAPDH. Products were electrophoresed on a 1.5% agarose gel and visualized by staining with ethidium bromide.
Confocal laser scanning microscopy. The tissue samples were fixed with 4% formaldehyde and embedded in paraffin. After dewaxing and dehydration, the sections were blocked with bovine serum albumin followed by 60 min of incubation with an anti-mouse c-Kit (Santa Cruz Biotechnology, Inc.) at a concentration of 1 µg/ml. The secondary antibody, fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG (Invitrogen, Carlsbad, CA, USA), was added to the incubation medium for 30 min. The mounting medium containing 4',6-diamidino-2-phenylinodole (DAPI; Vector Laboratories, Burlingame, CA, USA) was used to counterstain the DNA. All specimens were examined under a confocal laser-scanning microscope. The numbers of mast cells on both sides of the septal mucosa were counted. The sections were coded and randomly analyzed by 2 blinded observers.
Western blot analysis. Western blot analysis was used to
analyze the nasal mucosal tissue extracts which were prepared by the detergent lysis procedure. Samples were heated at 95˚C for 5 min, and briefly cooled on ice. Following centrifugation at 15,000 x g for 5 min, 50 mg aliquots were resolved by 12% SDS-PAGE. Resolved proteins were electrotransferred overnight onto nitrocellulose membranes in 25 mM Tris, pH 8.5, 200 mM glycerin, 20% methanol at 25 V. The blots were blocked for at least 2 h with PBST containing 5% non-fat dry milk and then incubated with primary antibodies for 1 h at room temperature. Blots were developed by peroxidase-conjugated secondary antibodies, and proteins were visualized by enhanced chemiluminescence procedures (Amersham Biosciences, Piscataway, NJ, USA) according to the manufacturer's instructions. Caspase-1 assay. The Eol-1 cells (3x10 6 ) were treated with NJJ (1, 10 or 100 µg/ml) for 1 h prior to stimulation with GM-CSF and incubated for 2 h. Caspase-1 assay was used to analyze the nasal mucosal tissue and cell extracts. Caspase-1 activity was measured according to the manufacturer's specifications using the caspase assay kit (R&D Systems Inc.). Equal amounts of total protein were quantified by the BCA protein quantification kit (Sigma) in each lysate. The catalytic activity of caspase-1 from the cell lysates was measured by the proteolytic cleavage of WEHD-pNA for 4 h at 37˚C. The plates were read at 405 nm.
MTT assay. The Eol-1 cells (2x10 5 cells/ml) were cultured in microplate wells for 24 h following treatment with NJJ (1, 10, or 100 µg/ml) and incubated with 20 µl of MTT solution (5 mg/ml) for an additional 4 h at 37˚C in an atmosphere of 5% CO 2 and 95% air. Consecutively, 250 µl of DMSO were added to extract the MTT formazan and the absorbance of each well at 540 nm was read using an automatic microplate reader.
Statistical analysis.
The experiments shown are a summary of the data from at least 3 experiments and statistical analyses were performed using SPSS statistical software (SPSS 11.5; SPSS Inc., Chicago, USA). The effects of treatment were analyzed by one-way ANOVA and Tukey's multiple range tests, and a value of P<0.05 was used to indicate a statistically significant difference.
Results
Effects of NJJ on IL-32 levels.
Recently, we reported that IL-32 is an important factor in patients and animals with AR and is expressed in eosinophils (7). Thus, in this study, we examined the effects of NJJ on IL-32 levels in animal models of AR and GM-CSF-stimulated Eol-1 cells. IL-32 levels in serum and nasal mucosal tissues of mice with AR were significantly increased compared with those of normal mice (Fig. 1A and B) . However, the increased IL-32 levels significantly decreased following the administration of NJJ (Fig. 1A and B) . Eosinophil infiltration increased following OVA challenge and significantly decreased following the administration of NJJ (Fig. 1C) . To assess the regulatory effects of NJJ on IL-32 expression in the in vitro model, we measured IL-32 production and mRNA expression in GM-CSF-stimulated Eol-1 cells. The protein and mRNA levels of IL-32 were significantly inhibited by treatment with NJJ ( Fig. 1D and F) . IL-8 production was analyzed to examine the activity of GM-CSF. IL-8 production and mRNA expression were decreased following treatment with NJJ ( Fig. 1E and F) . NJJ had no effect on cell viability (data not shown).
Effect of NJJ on TSLP levels. TSLP is expressed in the nasal mucosa of mice with AR (25) and is produced in activated mast cells (26) . In our study, mice administered NJJ showed significantly decreased levels of TSLP in serum and nasal mucosal tissue ( Fig. 2A and B) . The oral administration of NJJ reduced TSLP mRNA expression (Fig. 2C) . TSLP is expressed in mast cells (18, 19) . Mast cells play a central role in AR (1). Thus, we determines whether the oral administration of NJJ suppresses mast cell infiltration in mice with AR. The respective numbers of mast cells in the nasal mucosa of the mice with AR were significantly higher than those in the OVA-unsensitized mice; however, the oral administration of NJJ significantly reduced the infiltration of mast cells ( Fig. 2D and E) .
Effect of oral administration of NJJ on clinical symptoms in mice with AR.
To investigate the regulatory effects of NJJ in our animal model of AR, NJJ was administrated orally prior to OVA i.n. challenge for 10 days. The oral administration of NJJ significantly reduced the clinical symptoms (nasal rubs, spleen weight and levels of histamine, IFN-γ, IL-4 in spleen) in mice with AR (Fig. 3A) . Spleen weight increased following challenge with OVA; this was reduced following the oral administration of NJJ (Fig. 3B) . The IgE and histamine levels which were increased by OVA were also reduced by the oral administration of NJJ (Fig. 3C and D) . To investigate the Th1/ Th2 immune reactions in mice administered NJJ, we measured the IFN-γ and IL-4 levels in the spleen extracts. As shown in Fig. 3E and F, NJJ significantly increased IFN-γ levels, while decreasing IL-4 levels compared with the control group.
Effects of NJJ on activation of caspase-1.
To investigate the regulatory mechanisms of NJJ on IL-32 and TSLP production, caspase-1 assay and western blot analysis for caspase-1 were performed on the nasal mucosal tissues and GM-CSF-stimulated Eol-1 cell extracts. OVA-induced and GM-CSF-induced caspase-1 activities were decreased by NJJ (Fig. 4A and C) . The active form of caspase-1 in the nasal mucosal tissue was reduced following the oral administration of NJJ (Fig. 4B) . 
Effects of NJJ on inflammatory markers in mice with AR.
To investigate the effects of NJJ on inflammation-related protein levels, we analyzed the MIP-2, ICAM-1 and COX-2 levels in the nasal mucosal tissue of mice with AR. The increased levels of MIP-2, ICAM-1 and COX-2 in the mice with AR were significantly reduced following the oral administration of NJJ (Fig. 5) .
Effects of i.n. administration of NJJ on clinical symptoms in mice with AR.
To investigate the effects of the i.n. administration of NJJ (IN-NJJ) on clinical symptoms in mice with AR, IN-NJJ was directly administered into the nasal cavity prior to OVA i.n. challenge for 10 days. The clinical symptoms (spleen weight, serum IgE and histamine levels, IFN-γ levels, ICAM-1 levels) were decreased following IN-NJJ administration (Fig. 6A) . The spleen weight was significantly decreased following IN-NJJ administration (Fig. 6B) . Serum IgE and histamine levels which were increased by OVA were reduced in the IN-NJJ-administered mice (Fig. 6C and D) . As shown in Fig. 6E and F, IN-NJJ administration significantly increased the IFN-γ levels, while decreasing the IL-4 levels compared with the control group. We measured the TSLP levels in the mice with AR. As shown in Fig. 6G , the IN-NJJ-administered mice showed significantly decreased levels of TSLP compared with the untreated mice with AR. TSLP mRNA levels were also significantly decreased following IN-NJJ administration (Fig. 6H) . The levels of MIP-2, ICAM-1 and COX-2 in the nasal mucosal tissue were significantly reduced by IN-NJJ administration (Fig. 6I-K) . In addition, caspapae-1 activity, which was increased by OVA was decreased following IN-NJJ administration (Fig. 6L) .
Discussion
AR is an inflammatory disease of the nasal mucosa in which a number of cells and mediators play a part. These mediators may then contribute to the influx of mast cells, eosinophils, basophils, neutrophils and monocytes in the late response (27, 28) . Eosinophils are innate effector cells and important in immune responses against helminth parasitic infections. They contribute to the pathology associated with allergic inflammatory conditions (29, 30) . Eosinophil accumulation in health and disease is a hallmark characteristic of mucosal immunity and type 2 helper T cell inflammation (31) . The eosinophil granule proteins play a central role in the development of rhinitis (32) . IL-32 released from eosinophils has been shown to significantly increase the levels of IgE and inflammatory cytokines, including IL-1β, IL-18 and GM-CSF in AR (7) . Despite the absence of a Th1-cell predominant inflammation, other Th2-type inflammatory disorders, such as AR, asthma and AD have been linked with increased levels of IL-32 (33) . An increase in the levels of IL-4, IgE, eosinophil cationic protein (ECP) and eosinophil infiltration by IL-32 stimulation has been demonstrated in an animal model of AR (7) . These data suggest that IL-32 is an attractive target in the treatment of AR. Accordingly, we hypothesized that NJJ mediates antiallergic effects, at least partly by suppressing the production of IL-32. In this study, our results demonstrated that NJJ relieved the clinical symptoms of AR and decreased the levels of IgE. NJJ reduced the levels of IL-32 and the number of infiltrating eosinophils in the mice with AR. NJJ induced a dose-related inhibition of the production and mRNA expression of IL-32 in the GM-CSF-stimulated Eol-1 cells. Therefore, we suggest that NJJ exerts anti-allergic effects. Its mechanisms of action may be associated with the decrease in IL-32 expression.
Recently, we reported that IL-32 significantly increased TSLP production in monocytes (20) . TSLP is a critical regulator of innate and adaptive immune responses associated with Th2 cytokine-mediated inflammation, including AR. TSLP is expressed not only in epithelial cells but also in fibroblasts, endothelial cells and smooth muscle cells at nasal mucosal sites (34) . Moon and Kim reported that TSLP is expressed in activated mast cells (18) . Pyeongwee-San extract and hesperidin have been shownt o alleviate the symptoms of AR and to inhibit TSLP production and mRNA expression in mast cells (19, 35) . AR is an IgE-mediated disease. Antigen-specific IgE binds to high affinity receptors (FcεRI) on tissue mast cells, basophils and dendritic cells. The early phase response mediators induce the characteristic symptoms of AR, such as watery rhinorrhea, sneezing and itching, within minutes of allergen exposure. This is followed by the late phase response, involving the infiltration of inflammatory cells due to the release of cytokines and chemokines, resulting in congestion and inflammation (36) . In this study, we demonstrated that the number of infiltrating mast cells in nasal mucosal tissue was reduced following the administration of NJJ. Therefore, it can be deduced that NJJ inhibits mast cell functions.
Caspase-1 plays a central role in innate immunity and in several important inflammatory diseases (37) . Caspase-1 activation is involved in inflammation and the regulation of immune responses and differentiation (20, 35) . In an animal model of AR, caspase-1 activity was shown to increase compared with normal mice (35) . Caspase-1 levels in allergic asthmatic patients are also higher than those in normal individuals (38) . IL-1β, IL-18, histamine and IgE have been shown to be upregulated through the activation of caspase-1 in kanamycin-administered NC/Nga mice (39) . IL-32 and TSLP production are also increased by the activation of caspase-1 (7, 20) . The activation of caspase-1 promotes COX-2-dependent inflammatory reactions (40) . As previously demonstrated, COX-2 expression is reduced in caspase-1 knockout mice (40) . Thus, the suppression of caspase-1 activity is associated with a reduction in inflammation. In this study, we observed that NJJ inhibited the activation of caspase-1 in the mice with AR and in the Eol-1 cells. Therefore, we hypothesized that the anti-allergic effects of NJJ may be derived from the downregulation of caspase-1 activity.
TKM has been used to treat symptoms of AR for decades and is still generally used for treatment of AR in Korea. TKM therapy is usually considered to be safe and effective in a large population. NJJ has been known for thousands of years to have antibacterial and anti-inflammatory effects. Tryptanthrin, kaempferol and indirubin are the main components of NJJ. Tryptanthrin and kaempferol have antibacterial properties (23) . Kaempferol has been shown to inhibit the production of IL-8 and tumor necrosis factor (TNF)-α and the infiltration of eosinophils in allergic reactions (41, 42) . Indirubin has been shown to inhibit inflammatory reactions and allergic contact dermatitis (43, 44) . In this study, we found that the oral and nasal administration of NJJ significantly reduced the levels of IgE, IL-4, ICAM-1, MIP-2 and COX-2 in mice with AR. Therefore, the above data suggest that the combination of various active compounds in NJJ have a synergistic effect in AR. However, the active components of NJJ should be isolated in further studies to clarify whether the components themselves may also be effective in the treatment of AR.
In conclusion, to our knowledge, we report for the first time that NJJ regulates the production of IL-32 and TSLP, as well as that of histamine, IgE, IL-4, MIP-2, ICAM-1 and COX-2 in an animal model of AR. The anti-allergic effects of NJJ are also associated with the inhibition of infiltrating inflammatory cells and the activation of caspase-1. Therefore, our data suggest the possible therapeutic application of NJJ in the treatment of allergic inflammatory diseases.
